The purpose of this study was to prepare calcium phosphate cement [CPC] for use in artificial bone. Nano-crystalline calcium phosphate [CaP] was precipitated at 37 o C using highly active Ca(OH) 2 in DI water and an aqueous solution of H 3 PO 4 . From the XRD measurements, the nano-CaP powder was close to apatitic TCP phase and the powders fired at 800 o C showed a critical β-TCP phase. A mixture of one mole CaCO 3 and two moles di-calcium phosphate was calcined at 1100 o C to make a reference β-TCP material. The nano-CaP powders were added to the normal β-TCP matrix and fired at 900 o C to make a β-TCP block. The sintered block showed improved mechanical strength, which was caused by the solid state interaction between nano-CaP and normal β-TCP.
Introduction
eing a major bone component, hydroxyapatite (HAp, Ca 3 (PO 4 ) 3 (OH)) has been widely used in the production of artificial materials that can substitute for autogeneous bone 1, 2) . For the purpose of improving the material's toughness, we have attempted to develop CPC (Calcium Phosphate Cement) bone cement. Since the first CPC, 3) consisting of an equimolar mixture of tetracalcium phosphate 4) (TTCP) and dicalcium phosphate anhydrous (DCPD), was developed in 1986, many kinds of CPC powders have been developed, [5] [6] [7] [8] [9] [10] mainly by using TCP and/or TTCP. Most CPCs have been mixed with water to form a paste; the paste has then been set in situ to form crystalline hydroxyapatite. The cement reaction [11] [12] [13] is normally based on an acid-base interaction between acid compounds such as monocalcium phosphate anhydrous (MCPA) and DCPD and the base compounds such as TCP and TTCP. In this research we report a nano-crystalline paste similar to TCP phase; our material was prepared at 37 o C in an aqueous solution of active Ca(OH) 2 o C and at pH5.0 ± 0.1 under stirring. After the precipitation, the CaP slurry pastes were boiled at 95 o C overnight in order to obtain dry powders, which were characterized using XRD. The CaP powder was named B-TCP95. Fig. 2 shows the schematic design for this coprecipitation reaction under CO 2 -free air. Air from a compressor passes into the KOH chamber to make CO 2 -free air which flows into the reactor chambers for acid, base, and precipitation. The B-TCP95 powder was calcined at 800 o C and named B-TCP800.
In order to investigate the solid state interaction of the B-TCP95 powder, normal beta-TCP powder was mixed with 10 wt% of B-TCP95 powder through ball milling and the mixture was calcined at 900 o C for 2 h. The obtained powder was named M-TCP. Normal β-TCP clinker was synthesized through a solid-state reaction at 1200 o C between 2 moles CaHPO 4 and 1 mole CaCO 3 ; mixture was then and sieved to obtain β-TCP particles with a median size of 150 µm. The obtained β-TCP particles showed an XRD pattern similar to that of commercial β-TCP powder (Sigma Aldrich). The normal β-TCP powder was used as a reference sample for comparison with the B-TCP95.
CPC (Calcium Phosphate Cement) powder was prepared in order to investigate the cement interaction of the obtained nano-powders of B-TCP95. The CPC powder consists of a mixture of tri-calcium phosphate (TCP, Ca 3 [P 4 ] 2 O) and monocalcium phosphate anhydrous (MCPA: CaH 2 PO 4 ). The MCPA powder was ground to obtain particles with a median diameter of 1 µm. During the mixing process, an aqueous solution of a small amount of MSP powder was added to the wet paste to activate the cement reaction.
Characterization
The crystal phase was confirmed using X-Ray Diffraction (Bruker, M18XCE) of the crushed powders. During the precipitation reaction and/or the storage of the obtained paste, the calcium phosphate phase will be carbonized by CO 2 in air. In order to prevent the carbonization of the formed slurries, the precipitation reaction should be done in a CO 2 -free air atmosphere, as shown in Fig. 2 ; the obtained paste has to be held without CO 2 gas. We were able to obtain results for the samples prepared by using a CO 2 -free air atmosphere. For the investigation of the chemical interaction, FT-IR measurements were performed for the sample powders of B-TCP95, B-TCP800, and M-TCP.
Diffusive reflectance of the IR was measured for powder specimens diluted by one-tenth with KBr powder of spectroscopic grade; background noise was corrected with pure KBr data. The measuring resolution was 4 cm −1 and iterations were performed 256 times in the range of 450-4000 cm
The sample compartment of the FT-IR spectrophotometer (JASCO, 6300FV+IRT5000) was purged with dry nitrogen. The morphology of the CaP powders and the CPC samples was observed using FE-SEM (Hitachi, S-4800).
The compressive strength of the TCP block was measured using a universal testing machine (UTM, DaeSan Eng, Korea). The sample size of the TCP block was 2.7 cm Φ × 8 mm t after firing at 1150 o C for 6 h. For the TCP block sample, macro β-TCP granules were mixed with the proper amount of nano-CaP powders under 100 nm. In order to build up the pore structure for cell growth, POROGEN (Pore Generator) beads such as Polystyrene (PS, Sigma Aldrich) and/or PEG (PolyEthylene Glycol, Sigma Aldrich) were added; the diameter of the beads was several hundred µm.
Results and Discussion

XRD
In the acidic regions of the calcium phosphate phase diagram, shown in Fig. 1 , the Ca concentration of calcium phosphates can be seen to decrease with increasing pH. The solubility isotherms show (a) log [Ca] and pH, and (b) log [P] and pH of the solutions in equilibrium with various salts of ] and by the temperature. In Fig. 3 , the XRD patterns for B-TCP95 show the DCPD and TCP phases, indicating apatitic TCP [7] [8] [9] [10] . From Fig. 5(a) the B-TCP37 can be seen to be composed of nano-crystalline hexagonal particles of hydrated calcium phosphates.
In the calcium phosphate, the co-precipitation reaction 14, 15) is based on analysis, the main phases were identified as apatitic TCP (Ca 9 (HPO 4 )(PO 4 ) 5 OH), as shown in Fig. 3 .
FT-IR
As can be seen in Fig. 4 the typical property of B-TCP800 can be explained by the specific peak at 3643 cm
. The B-TCP95 shows a critical peak of OH -at 3570 cm
. It should be noted that the CO 3 2− peak at 1638 cm −1 shows a stronger intensity in B-TCP95, indicating the existence of carbonated apatite. Through the calcination of B-TCP95 at 800 o C, the carbonated bond can be seen to be beginning to disappear in B-TCP800. The mixture of normal beta-TCP with 10 wt% of B-TCP95 was fired at 1150 o C for 2 h. In the obtained M-TCP sample, the solid state interaction between the B-TCP800 matrix and the B-TCP95 additive was investigated using XRD, FT-IR, and FE-SEM. FT-IR spectra patterns for B-TCP800 and M-TCP powders match well with those of normal β-TCP.
The B-TCP95 powders were precipitated at 37 o C and dried above 95 o C. In Fig. 2 the XRD measurements shows the crystals of DCPD and β-TCP. From the FT-IR image given in Fig. 4 , we can see the hydroxyapatite peaks at the PO 4 bands. In B-TCP95 there are specific PO4 bands, such as a threefold degenerate stretching ν3 mode at 1105-989 cm , and a threefold degenerate deformational ν4 mode at 620-571 cm ; these bands should be considered parts of the carbonation of (OH)Ap and of nonstoichiometric apatite, respectively. It can be understood that the CaP formed at pH 5.0 may be apatitic TCP, which is Ca deficient apatite. FT-IR data for the carbonate groups shows the appearance of a pronounced band at 1420 cm −1 in the high energy C-O region, along with a well-defined band at 869 cm
, known to be specific to carbonated apatite.
It should be noted that B-TCP800 and M-TCP900 show the typical PO 4 band spectra of β-TCP. In M-TCP the nanopowders of B-TCP95 were homogeneously incorporated into a single phase of the β-TCP matrix of B-TCP800 during the firing process. When 10 wt% of nano-TCP was mixed with 90 wt% of normal TCP, the fired powders show the same FT-IR spectra patterns, similar to those of B-TCP800.
FE-SEM
When the B-TCP37 paste was mixed with DCPA powders it showed a cement reaction. During the mixing of nano-TCP and DCPA, the paste started to become viscous; then, the shaped sample toughened and hardened with aging and drying. The active reaction occurred differently according to the mixing time, the temperature, and the atmospheric drying. The reaction seems to be sensitively affected by the incorporation of CO 2 in air.
In the microstructure shown in Fig. 5(a) , B-TCP-95 shows hexagonal crystallites, of which the diameter is 20-25 nm and the length is 150-200 nm. The acicular crystallites are coagulated along the c-axis. When a small amount of the nano-TCP powders are added to normal β-TCP powders, the mechanical property of the TCP block is considerably enhanced because of the coagulation characteristics of the acicular nano-crystallites. Through firing at 900 o C for 2 h., the acicular nano-crystallites are incorporated into the micro-crystallites of normal β-TCP, as shown in Fig. 5(b) . The TCP blocks became stronger with the increase of the amount of B-TCP. The compressive strength was from 70 MPa to 120 MPa, which values were estimated using a universal testing machine (UTM). The grain growth of the nano-crystallites can be observed as the grains go from acicular powders with dimensions of 30 nm × 150 nm to powders with dimensions of several hundreds of nm with spherical shapes.
Conclusions
Free ions of Ca 2+ and phosphoric acid were produced from Ca(OH) 2 and H 3 PO 4 , respectively, in DI water. Nano-powders of apatitic TCP were obtained through a co-precipitation process at pH 5.0 and 37 o C. The dry TCP powders calcined at 800 o C showed the β-TCP phase. When the nano-TCP powders were mixed with normal TCP powders, the fired TCP blocks showed higher mechanical strength. 
